We propose a model and an algorithm for computing the transport properties of GaN n-i-p devices. The formalism yields the band diagram and I -V characteristics of these systems, and accounts for the effects of an external resistance in series with the diode and the generator. For the conditions considered, the device obeys essentially the ideal diode equation with deviations due to the external resistance and the transfer of charges between the different layers. Compared to n-p devices, the isolating layer enables one to decrease the external resistance and obtain more diode current for the same voltage. The external resistance allows one also to control and reduce appreciably the height of the barrier that characterizes the n-i interface. This barrier may serve as an energy discriminator, which can be important in applications for thermal management.
I. INTRODUCTION
The use of semiconducting materials 1 is of current interest in the development of devices that may serve as cold cathodes 2, 3 or thermoelectric coolers. [4] [5] [6] [7] [8] For applications as electronic emitters, the idea is to seek conditions where the emission is essentially controlled by the Schottky barrier at the back contact instead of the front surface barrier. Some materials are indeed characterized by negative electron affinities, so that the emission to the vacuum should be much easier once the electrons are injected into the conduction band of the material. The supply of those electrons essentially depends on the Schottky barrier at the back contact, whose thickness can be reduced using appropriate doping and operating conditions.
As electrons are forced to propagate either in the valence or conduction bands of the semiconducting materials, while they are provided from a different energy level, energy exchanges are necessarily involved in the transport of electrons through such devices. Using appropriate conditions where the escaping electrons are replaced by electrons with a lower average energy, 9 a net cooling effect may result from the circulation of current through such devices. Whether these conditions are actually satisfied depends on subtle balances, where the energy released by electron-hole recombinations and the emission-to-diode current ratio must be considered.
Recently Shaw et al. 10 published results of electronic emission from n-i-p GaN devices, where a fraction of the emitted electrons are above the Fermi level of the supporting metal and thus contribute to reduce the temperature of the device. In the present conditions however, the heating associated with the diode current exceeds those cooling effects by orders of magnitude.
It is the objective of this article to investigate GaN n-i-p devices similar to that presented by Shaw 10 and provide some clues to the energetic balances and the mechanisms that are likely to affect their transport and emission properties. The article starts with a presentation of methodological aspects. In Sec. III, we then investigate the transport of electrons through GaN n-i-p devices. The results show that, applying large forward biases and reducing the external resistance, the contact barrier at the n-i interface may be reduced to tiny values. This barrier may serve as an energy discriminator in applications where the heating associated with the diode current is not an issue. Regarding the energetics of the device, unless an emission-to-diode current ratio of nearly two orders of magnitude can be achieved, heating will result from the circulation of current through such devices.
II. THEORY
We will consider n-i-p systems made of gallium nitride 11 and placed between two metallic contacts. 12 We propose here a one-dimensional model for computing the band diagram and diode current that result from the application of an electric bias U between the two contacts. Using a numerical model enables one to go beyond the classical approximations where the depletion regions have strictly no carriers and the electric field is totally screened in the other regions. It also allows the consideration of arbitrary doping conditions, as required for systems whose parts are characterized by different doping levels with smooth transitions in between.
To obtain the unbiased band diagram, one has to solve the Poisson equation
where n͑z͒, p͑z͒ and N͑z͒ are the electron, hole and dopant densities, respectively. This expression enables one to solve a)
Author to whom correspondence should be addressed; electronic mail: alexandre.mayer@fundp.ac.be for the electric potential ͑z͒, whose boundary values are When a bias U is applied to the device, one has to solve two additional equations which express the conservation of electrons and holes, namely
where i n ͑z͒ and i p ͑z͒ are the electron and hole particle current densities, and R͑z͒ is the recombination rate. 
where R · I is the potential drop in the external resistance, which is in series with the diode and the generator. Replacing all quantities, the values of ͑z͒, E F n ͑z͒ and E F p ͑z͒ result from the iterative resolution of the three equations (see the Appendix for details).
Following textbooks, [13] [14] [15] we assume that the recombination rate at each point is proportional to the local electron and hole densities. We express it as R͑z͒ = ␣ r ͓n͑z͒ · p͑z͒ − n 0 ͑z͒ · p 0 ͑z͔͒, where n 0 ͑z͒ and p 0 ͑z͒ refer to the electron and hole densities at zero bias. This expression accounts for the spontaneous generation rate through n 0 ͑z͒ · p 0 ͑z͒. The proportionality coefficient ␣ r may depend on the local charge densities, 16, 17 on the temperature, 18 as well as on which impurities are present in the junction. We made the choice to assign ␣ r the value that makes it consistent with measured values of the recombination time (15 ns, independently of the doping level). 19 The diode current J can be evaluated at each step of the procedure using J = J p ͑0͒ + J n ͑L͒ − e͐ 0 L R͑z͒dz. The two first terms are the hole and electron currents at the limits of the device. For the n-i-p devices we consider, these terms are negligible because they are evaluated in the region where the electrons and holes are minority carriers. The diode current is therefore essentially given by the third term, which expresses the fact that the diode current comes from electrons that, at some point in the device, fall from the conduction band to the valence band in a recombination process. As each recombination involves the release of 3.39 eV, this point is important when making the energetic balance of the device.
The expression of the diode current J allows one to evaluate the potential drop in the external resistance and adjust the boundary conditions on ͑z͒ during the iterative process. We included this external resistance in our model to prevent-as in experimental conditions-the bias effectively present in the junction from reaching values that could lead to the destruction of the device. The external resistance should indeed be sufficient to prevent the contact barrier ͓E F i ͑L͒ − E F i ͑0͔͒ / e + U − R · I from being reversed when applying large forward biases. Should this situation occur, both the electric and diffusion forces would point to the same direction. Within the lowest approximation of our model, there would be nothing to prevent a massive injection of electrons from the n-doped side of the device to the p-doped part, with resulting damages due to ohmic effects. To prevent this situation, one can either include an external resistance in the circuit or insert an isolating layer between the n and p parts. These two possibilities are actually considered in the next section.
III. APPLICATION: TRANSPORT IN A GAN N-I-P JUNCTION
We will now compute the band diagram and diode current of GaN devices. We start by defining the relevant physical parameters and then consider the n-i-p configuration.
A. Physical parameters
The values of the electron and hole mobilities n and p are strongly dependent on the doping and temperature conditions (they tend to decrease with the doping concentration and the temperature). 20 Other experimental factors also affect their values. In the absence of data that could justify the choice of any particular value, we found it advisable to give n and p the theoretical maximal values of 1000 and 200 cm 2 V −1 s −1 , respectively. 20 These values are indeed reasonable at room temperature and for the doping concentrations we consider.
Knowing the values of n , p and , the diffusion length of electrons and holes turns out to be given by L n = ͱ kT / e n = 6.2 m and L p = ͱ kT ր e p = 2.8 m, respectively. The significance of these numbers can be illustrated by the following estimation. In GaN, the intrinsic carrier concentration n i is 2.3ϫ 10 −10 cm −3 . If we consider an n-p junction with a doping concentration N dop of 10 18 cm −3 , the minority carrier density is given by n i 2 / N dop = 5.3 ϫ 10 −38 cm −3 . Assuming an excess electron concentration ⌬n of 10 18 cm −3 in the p-doped part of the junction, one can compute the distance d required for these charges to be reduced to their minority-carrier level because of the recombinations. This distance is obtained by solving 5.3ϫ 10 −38
−d/L n and we find a distance d of 790 m. This is the length the p-doped part of the GaN junction should have to let the injected electrons recombine without being affected by border effects. The same calculation with holes injected in the n-doped part of the junction gives a distance of 360 m.
In the device proposed by Shaw, the n-and p-doped parts have a length of, respectively, 2 and 0.1 m only. This means that border effects are important and that the recombinations are forced from an exponential decrease rate to a linear one. As it involves more recombinations, the point in the I -V characteristics where this transition occurs is characterized by inflections or discontinuities. As these effects depart from the framework of classical approximations, their occurrence justifies the use of a numerical treatment.
B. Band diagram and I -V characteristics of a n-i-p junction
We now consider the n-i-p configuration. Following the parameters used by Shaw, 10 we give the n , i and p parts a length of 2, 0.5 and 0.1 m, as well as doping densities of 5 ϫ 10 18 , 0 and 10 18 cm −3, respectively. The Schottky barriers at the two contacts are here included. We assume the left metallic support to be made of gold (Schottky barrier of 0.87 eV). 21 In order to mimic the effects of cesiation, 10 the right side of the junction is given a negative contact potential of 2.1 eV (thus describing a negative electron affinity material).
The band diagram obtained when no external bias is applied is illustrated in Fig. 1 . The contact potentials that characterize each side of the device are well visible. Besides the transitions associated with these contacts, the bands of the two doped regions are essentially constant. This reflects the good screening capacity of these two parts of the device. The bands of the isolating layer, which extends from 2 to 2.5 m, are characterized by smooth transitions at the interface with the neighboring regions, and linear variations in its central part. The transitions reflect the transfer of charges that exist at the contacts between the isolating layer and the doped regions. As the intrinsic charge densities of the doped regions are orders of magnitude higher than that of the isolating layer, the transitions are only visible in that layer. 15 The fact that the doping level of the n part is five times larger than that of the p part explains for the transition at the n-i interface being wider than that at the i-p one. Besides the regions involved with the contacts, the bands of the isolating layer exhibit a linear dependence on z. This reflects the presence of an electric field in this layer, which cancels the diffusion forces and whose existence is related to the presence of charges at the borders of the isolating region.
When a forward bias is applied to the device, its effects are essentially manifested on the isolating layer. Indeed the n-doped part is mainly unaffected, while the bands of the p-doped part are only affected by a downwards displacement. Only the bands of the isolating layer turn out to be changed significantly. This is illustrated in Fig. 2 , where we represented the band diagram of the device for a forward bias of 5 V and an external resistance of 10 4 , 10 2 , 1 and 10 −2 ⍀, respectively (the area S of the diode is 1 cm 2 ). The bands of the isolating layer turn out to be shifted downwards as the external resistance is reduced. This is a consequence of the reduction of the external potential drop, which enables a larger part of the applied bias to be effectively present in the junction. As negative charges are injected into the left part of the isolating layer, the bands are characterized there by a negative curvature. Similarly, the injection of positive charges in the right part of that layer leads to a positive curvature of the bands. When the external resistance is sufficiently low (i.e., smaller than 1 ⍀ for a diode area of 1 cm 2 ), the barrier at the n-i interface is the only energetic obstacle for electrons trying to go from the conduction band of the n-doped part of the device to the right part of the system (i.e., the metallic contact or eventually the vacuum). Of course the recombinations that electrons encounter when crossing the p-doped part constitute another important physical barrier.
The barrier at the n-i interface can therefore be reduced to tiny values, just by lowering the external resistance. The situation associated with R =10 −2 ⍀ constitutes, however, the limit before breakdown of the device. As for n-p junctions, the contact barrier (here that at the n-i interface) must maintain an equilibrium by opposing the diffusion forces an electric force oriented in the opposite direction. Reducing the resistance further, this barrier is reversed and no equilibrium condition satisfied anymore.
We represented in Fig. 3 the I -V characteristics of the n-i-p device, as calculated for an external resistance of 10 4 ,10 2 , 1 and 10 −2 ⍀, respectively. Except for an initial inertia of the current (related to the fact that the n-i-p system consists schematically of two opposite diodes), the I -V characteristics are essentially that of an ideal diode. The effects of the external resistance appear only when the bias exceeds 2.8 V, as the diode current is then sufficient to induce significant ohmic effects. The saturation current turns out to be inversely proportional to the value of the external resistance (multiplication by one order of magnitude upon reduction of the external resistance by the same factor). This dependence is the consequence of the explosive behavior of the diode current versus the bias effectively present in the diode (large variations of the diode current associated with tiny variations of the potential). The external resistance can therefore be used to control both the diode current and the height of the barrier at the n-i interface.
Compared to n-p devices where the isolating layer is lacking, the n-i-p configuration requires a smaller external resis- tance. In both n-p and n-i-p configurations the maximal value of the bias effectively present in the junction is of the order of the gap width ͑3.39 V͒. Unphysical currents indeed result from a further increase of the bias. Incidently, the current associated with 10 −2 ⍀ in Fig. 3 reaches its saturation value around 3.39 V and unreliable results are obtained if a smaller resistance is considered. Since a smaller external resistance is required for a comparable bias in the junction, larger diode currents are possible when using a n-i-p configuration.
Regarding the energetics of the device, the whole diode current consists of electrons that encounter a recombination at some point in the device and leave the diode with a few eV less energy than at their arrival. Except for the part of this energy that is emitted as radiation, the remainder contributes to heating the system. Even if electrons can be emitted to the vacuum and have some cooling effect, one can only reasonably expect a cooling of the order of 0.1 eV per electron. To overwhelm the heating associated with the diode current (a few eV per electron), the emission current should be nearly two orders of magnitude higher than the diode current. Considering the high probability that electrons have to recombine when crossing the p-doped layer and the fact that the emission probability is usually small, this condition appears very difficult to achieve.
IV. CONCLUSION
We presented a modeling of GaN n-i-p devices, using an iterative scheme for solving the Poisson and conservation equations. The model includes the external resistance and can address any doping profile. It was shown that the external resistance is important to prevent a breakdown of the device when applying large forward biases. The isolating layer enables one to reduce this external resistance and thus get more diode current for the same voltage. The external resistance also allows one to control the height of the barrier at the n-i interface and reduce it to tiny values. This barrier may serve as an energy discriminator.
Although this article addressed the transport of electrons in GaN devices similar to that presented by Shaw, 10 our results do not account for the emission to the vacuum. In our model where the p-doped part of the device is in full contact with a metal, the electrons entering that region are forced down to their intrinsic level by the recombinations. This results in a negligible population of the conduction band at the point where emission to the vacuum should occur. In the experimental device, however, only a part of the p-doped layer is in contact with the metallic pad while the remaining portion is directly exposed to the vacuum. The recombination processes may therefore be less important and the number of carriers in the conduction band enhanced. Whatever the recombination rate and the emission mechanisms are, the diode-to-emission current ratio therefore remains a serious issue for applications where a net cooling is sought. Since recombination processes are obviated in a graded device, the heating associated with the diode current can be substantially reduced and cooling may become feasible. 
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APPENDIX: NUMERICAL RESOLUTION OF THE POISSON AND CONSERVATION EQUATIONS
The Poisson equation can be discretized as
where the subscript i refers to values at z = i⌬z. Writing this equation for each point between z = 0 and z = N · ⌬z = L, one obtains the following system:
where 0 and N are fixed by the boundary conditions. To obtain the values of the electric potential, one has to solve this system iteratively by updating the values of n i and p i at each step. We perform typically 3 ϫ 10 6 iterations and allow i to change by ͉ N − 0 ͉ /10 6 at most at each step. When a bias U is applied to the device, one has to solve the conservation equation for electrons and holes as well. Neglecting time-dependent terms, and using j n =−ei n = n / e ٌ ͓ n − e͔ = n n ٌ E F n , the conservation equation for electrons can be discretized as typically 1.5ϫ 10 7 iterations and allow each quantity to have only limited variations at each step. The bias U has to be applied by small increments along these iterations.
